We present the initial results of our combined investigation of Raman scattering and optical absorption spectroscopy in a batch of single wall carbon nanotubes (SWNTs). The SWNT diameters are first estimated from the four radial breathing mode (RBM) peaks using a simple relation of . The calculated diameter values are related to the optical absorption peaks through the expressions of first interband transition energies, i.e., for semiconducting and for metallic SWNTs, respectively, where is the carbon-carbon bond length (0.144 nm) and
values are related to the optical absorption peaks through the expressions of first interband transition energies, i.e., for semiconducting and for γ is the energy of overlapping electrons from nearest neighbor atoms, which is 2.9 eV for a SWNT. This analysis indicates that three RBM peaks are from semiconducting tubes, and the remaining one is from metallic tubes. The detailed analysis in the present study is focused on these three peaks of the first absorption band by determining the values of the representative (n,m) pairs. The first step of analysis is to construct a list of possible (n,m) pairs from the diameters calculated from the positions of the RBM peaks. The second step is to compute the first interband transition energy, , by substituting
Introduction
The two integer coefficients, (n, m), of the lattice unit vectors of twodimensional graphite unit cell define the chiral vector and, consequently, the chirality. It has been shown that the major physical properties of SWNTs are determined by the chirality [1, 2] , and the determination of the (n,m) pair(s) of a single SWNT (batch of SWNTs) comprises a nearly complete morphology characterization. The (n, m) characterization of carefully prepared SWNT samples has been accomplished by a number of authors in the past [3] . The procedures employed for the previous work begin, first, to examine the radial breathing mode (RBM) Raman peak positions that correspond to the SWNT diameters through a simple expression of . The ) ( / 248
diameter of a SWNT, however, is a multi-valued function of (n, m). In addition, one has to allow a reasonable degree of errors in the experiments.
Therefore, one normally establishes a list of possible (n, m) pairs by examining the Raman RBM peak positions. The subsequent steps involve detailed analysis to identify the most probable (n, m) pair from the list. This analysis is usually complex and the results can be subjective. The present study is our first attempt to introduce a new method of determining the most probable pairs of (n, m) representing the chirality distribution in a batch of SWNTs. The unique element of this study is the inclusion of optical absorption spectroscopy. This technique directly measures the energies of interband transitions normally from three absorption bands, i. e., two for semiconducting and one for metallic tubes. In this study the analysis focuses on the details of three peaks in the first absorption band of semiconducting tubes in relation to the corresponding the Raman RBM peaks.
Experiments
The SWNT samples used in this study were synthesized by Carbon Nanotechnologies, Inc. through the HiPco process. A drop of SWNTs sonicated in water was deposited on an optically transparent plate and allowed to evaporate. The optical absorption spectra were obtained with a Cray Model 5E to collect data in a wide spectral range. A Digilab Fourier transform infrared (FT-IR) spectrometer with its resolution set to 8 cm -1 was used to measure the first absorption band from SWNTs. An AlmegaTM dispersive spectrometer, with a spectral resolution less than 1.8 cm -1 , was used with the laser wavelengths of 532 and 785 nm to obtain Raman spectra. Fig . 3 shows the IR absorption spectrum obtained using Cray Model 5E dispersive spectrometer. The spectrum of Fig. 3 provides very useful information, i. e., the range of , the first transition energy in a metallic tube, which is seen to be between 1.7 to 2.2 eV. This means that the RBM peak at 210 cm π and allowing an error range, a list of (n,m) pairs for each RBM peak is constructed. Table 1 provides a list of the calculated parameters for the RBM at 268 cm -1 by allowing a 5% error range. Two pairs, (2, 10) and (6, 7), are seen to produce the values of that are closest to the measured one of 0.93 eV. The actual analysis in this work uses an error range of 15 %. The second column shows the tube diameters corresponding to a given (n, m) pair. The third column provides calculated using the expressions by Reich and Thomsen [5] , and only the steps of application will be discussed. Figure 3 . Optical absorption spectra collected from the SWNT sample at three different locations. These spectra provide important information on the range of that is indicated by dotted vertical lines.
Results and discussion
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The allowed electron wave vector component perpendicular to the SWNT axis, k T , is discrete due to the periodicity along the circumference, meanwhile that along the SWNT axis, k z , is continuous. For given values of +k T , the values of k z s for which dE/dk z vanishes, causing a Van Hove singularity in the density of states (DOS), are calculated. Two values of k z result in two different energy values of singularity peaks for any SWNTs with an axial symmetry that is reduced from that of the armchair configuration, i. e., m n = . These two energies result in a split DOS peak structure. In the present work the energies for the split peaks are averaged since the experimental optical absorption peaks do not resolve the fine structures formed by the transitions among the splitContinuing the steps of analysis with the RBM peak found at 237 cm -1 , we find three pairs (n, m) resulting in values close to the measured one of 0.84 eV as summarized in Table 2 . The results for the RBM peak at 232 cm -1 are shown in Table 3 . As clearly seen in these tables, several pairs of (n, m) result in very close to the experimentally obtained value for a given RBM peak. It is therefore necessary to be able to analyze the second optical absorption band Table 1 . List of (n, m) pairs corresponding to the tube diameters within 5% of 0.925 nm computed from the RBM peak at 268 cm -1 .
The third column shows the smallest calculated for (n, m) using the expression by Reich for to narrow down to a single most probable pair of (n, m) for each semiconducting SWNT RBM peak. Nevertheless, the critical element is to gain better understanding of the factors affecting the measurements, such as the effect of intertube interaction in a batch or bundles of SWNTs, which is estimated to increase the RBM peak position by as much as 10% from that of isolated tubes [6] .
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Summary and conclusion
The results of present study clearly demonstrate that the feasibility of developing a simple method characterizing the representative (n, m) pairs of a batch of SWNT samples by combining the techniques of Raman scattering and IR absorption. To identify the true (n, m) pairs representing a batch of SWNTs, more progress in understanding of the effects of intertube interaction on the experiments and other potential factors is necessary.
